Development of the next generation thermal interface materials with high thermal conductivity is important for thermal management and packaging of electronic devices. We report on the synthesis and thermal conductivity measurements of non-curing thermal paste, i.e. grease, based on mineral oil with the mixture of graphene and few-layer graphene flakes as the fillers. It was found that graphene thermal paste exhibits a distinctive thermal percolation threshold with the thermal conductivity revealing a sublinear dependence on the filler loading. This behavior contrasts with the thermal conductivity of curing graphene thermal interface materials, based on epoxy, where super-linear dependence on the filler loading is observed. The performance of graphene thermal paste was benchmarked against top-of-the-line commercial thermal pastes. The obtained results
I. Introduction
As transistors continue to decrease in size and packing densities increase, thermal management becomes the critical bottleneck for development of next generation of compact and flexible electronics 1 . The increase in computer usage and ever-growing dependence on cloud systems require better methods for dissipating heat away from electronic components. The important ingredients of thermal management are the thermal interface materials (TIMs) ].
State−of−the−art and next generation electronic devices require thermal pastes with bulk thermal conductivity in the range of 20 to 25 Wm -1 K -1 10,11 This study focuses specifically on non-curing TIMs with graphene and few-layer graphene fillers.
Curing and non-curing TIMs consists of two main components -a polymer or oil material as its base and fillers, which are thermally conductive inclusions added to the base increasing the overall heat conduction properties of the resulting composite. Polymer base materials have a rather low thermal conductivity within the range of 0. The first exfoliation of graphene 24, 25 and measurement of its electrical properties sparked intensive efforts to find graphene's applications in electronics 26 , e.g. as on-chip or inter-chip 27 interconnects 28, 29 , or a complementary material to silicon in analog or non-Boolean electronics 30 .
The idea of using graphene as fillers in thermal applications emerged from the discovery of the exceptional heat conduction properties of suspended "large" flakes of single layer graphene (SLG), with the thermal conductivity ranging from 2000 Wm
It is established that acoustic phonons are the main heat carriers with the "gray" mean-free-path (MFP) of ~750 nm. Theory suggests that long-wavelength phonons with much larger MFP make substantial contribution to thermal conductivity. The thermal conductivity of SLG with lateral dimensions smaller than MFP degrades due to the "classical size" effects, i.e. phonon -flake edges scattering. The thermal conductivity of SLG is vulnerable to defects, wrinkles, bending, and rolling 33 . The cross-section of SLG is also small making it not an ideas filler. From another perspective, FLG is more resistant to degradation of its intrinsic thermal properties due to rolling, bending or exposure to matrix defects. For these reasons, FLG with some addition of SLG, create better filler-matrix and filler-filler coupling, and are considered to be optimum filler mixture. The in-plane thermal conductivity of FLG converges to that of the high quality bulk graphite, which by itself is as high as ~2000 Wm −1 K −1 , as the number of layers exceeds about eight mono-layers [34] [35] [36] . The ability of FLG -a van der Waals material -to present thermal conductivity of bulk graphite is an important factor for thermal applications. The thermal conductivity of FLG is one and two orders of magnitudes higher than that of the conventional metallic and ceramics fillers, respectively.
Technological challenges using graphene and FLG as fillers in thermal management applications, which by their nature requires large amount of source material, were linked to the low yield production laboratory methods. The last decade of graphene research has led to development of several scalable techniques, such as liquid phase exfoliation (LPE) 37,38 and graphene oxide reduction 39, 40 , which provide large quantities of graphene and FLG of quality acceptable for thermal applications, making the mass production cost effective 38, 41 . These recent developments remove the barriers for graphene utilization in the next generation of curing and non-curing TIMs.
In the following discussion, in thermal context, we will use the term "graphene" for the mixture of mostly FLG with some fraction of SLG. When required the term FLG will be used to emphasize it specific thickness. One should note that, in the considered thickness range, FLG retains its flexibility and remains different from brittle thin films of graphite.
To date, the studies of graphene fillers in TIMs were focused almost exclusively on curing epoxybased composites. The pioneering studies reported the thermal conductivity enhancement of epoxy by a factor of 25× even at small graphene loading fractions of = 10 vol% 42, 43 . The only available reports of graphene enhanced non-curing TIMs utilized commercial TIMs with addition of some fraction of graphene fillers. It has been shown that incorporation of small loading fraction graphene fillers into commercial non-curing TIMs enhances their thermal conductivity significantly 42, [44] [45] [46] [47] . However, in view of undisclosed composition of commercial TIMs it is hard to assess the strength of the effect of graphene fillers. In addition, commercial TIMs already have a high concentrations of fillers, and the addition of even a small amount of graphene results in agglomeration and creation of separated clusters of fillers. These facts motivated the present 6 | P a g e research, which uses the simple base such as mineral oil and in-house process of preparation and incorporation of graphene fillers.
Combining different types of fillers with various sizes and aspect ratios into a single matrix for achieving the "synergistic effects" is a known strategy for attaining a further enhancement in thermal properties of composites 11, 17 . It has been demonstrated that the "synergistic effects" are effective even when one uses fillers of the same material but with two or more size scales 6, 17 . A simple explanation for this effect is that smaller size fillers reside between large fillers and connected them more efficiently, leading to improved thermal conduction. By their nature, FLG fillers consist of several graphene monolayers which are held up through weak Van der Waals forces 48 in the cross-plane direction. During the mixing processes of FLG with the matrix materials, due to the high shear stresses involved, the atomic layers of FLG separate out, resulting in a mixture of FLG and SLG fillers, which potentially develop reveal the "synergistic effect". The FLG fillers are better for heat conduction while SLG fillers are more flexible and better for establishing the links among the FLG fillers. These properties can be considered extra advantages of FLG over metallic and ceramic fillers.
In this paper, we describe the details of synthesizing thermal paste with the high loading fraction of FLG fillers with large lateral sizes -in a few µm range. To the best of our knowledge, this is the first report of the non-curing graphene TIMs, prepared without the use of commercial TIM with other fillers. The composition of the non-curing graphene TIM is intentionally kept simplemineral oil base and FLG fillers. Our results show that even without additional fillers, graphene thermal paste outperforms, in terms of thermal conductivity, the best commercially available noncuring TIMs. The rest of the paper is organized as follows. In Section II, we describe synthesis of graphene thermal paste. Section III provides the results of thermal characterization. The results of benchmarking of graphene paste against the best commercial non-curing TIMs is described in Section IV. Our conclusions are given in Section V.
II. Material Synthesis and Characterization
Sample Preparation: Figure 1 illustrates the step-by-step preparation procedure and typical applications of non-curing TIMs in electronics. Commercially available graphene fillers (grade H-15, XG-Sciences) with the vendor-specified large lateral dimensions of ~15 µm were weighed and added in pre-calculated proportions to the mineral oil base (Walgreen Health). The large lateral dimensions of the fillers are essential for achieving high thermal conductivity. However, it should be noted that large fillers are more susceptible to rolling and bending during the mixing procedure 3 so special care should be taken in order to avoid filler agglomeration and crumbling, especially at high filler loading fractions. In order to avoid agglomeration, the mixtures of mineral oil and graphene were prepared with addition of acetone in order to keep the filler quality and size intact during the mixing process. Graphene is measured and placed into a container followed by the addition of acetone, creating a graphene-acetone suspension, then the mineral oil is added. The compounds are mixed using a high shear speed mixer (Flacktek Inc.) at 310 rpm, the lowest mixing speed, for about 20 minutes. The effects of mixing speed and other parameters have been researched in details and utilized in the preparation 49, 50 . The low mixing speed results in the binding of graphene and mineral oil, and separates them from the acetone which has been added later. The acetone is removed from graphene and mineral oil mixture following phase separation.
Finally, the mixture is placed in an oven to evaporate the solvent for ~2 hours at 70º C. This process yields a smooth paste with proper viscosity that is easily spreadable, homogenous, and can be contained within a syringe for later applications. The prepared samples have been characterized using Raman spectroscopy and scanning electron microscopy (SEM) (Supplementary Figure S1 (a-b). The homogenous dispersion of graphene inside the paste is important to the integrity of the composite 51 . In additional to good filler dispersion, a preservation of the fillers throughout the process is another important factor in the performance of the obtained non-curing TIMs.
Figure 1:
Schematic showing typical practical applications of non-curing thermal interface materials in electronics, and the process flow for synthesizing graphene non-curing thermal paste. Graphene is added to the base material with acetone followed by the slow speed sheer mixing. The optimized mixing process seperates the graphene and mineral oil mix from the acetone. This leaves a smooth graphene paste with proper viscosity which is easy to store and apply at the interfaces. 
Thermal Conductivity Measurements and Data

III. Results of Thermal Testing
When a thin layer of TIM is applied between two solid surfaces, assuming a one-dimensional heat flow from the hot to the cold side, the total thermal resistance can be defined as In this equation, and are the apparent and the "bulk" thermal conductivity of the TIM layer. The difference between these two quantities is that the former depends on BLT and the thermal contact resistances and thus, is not a material property, which is why it is referred as "apparent" thermal conductivity. However, the latter is related to the "true" or "bulk" thermal conductivity of the TIM layer which is a material characteristic and depends on the thermal transport properties of the base polymeric matrix, fillers, and their interaction with each other.
In Figure 2 , we show the results of ′′ measurements of TIMs with different filler loadings as a function of the bond line thicknesses (BLT) at a constant temperature of 35 ºC without any applied pressure (atmospheric pressure). Since ′′ depends linearly on BLT, one can extract and ′′ with linear fittings (dashed lines in Figure 2 ) on the experimental data. In this case, the inverse slope and the y-intercept of the fitted line shows and 2 ′′ , respectively, with an assumption that both parameters remain constant as BLT changes. As one can see, with adding graphene fillers, the slope of the fitted lines decreases significantly, indicating a strong enhancement in the "bulk" thermal conductivity of the compound. However, addition of fillers also increases the thermal contact resistance, which will be discussed later. In the electrical percolation regime, the electrical conductivity of polymers increases by several orders of magnitude as electrically conductive fillers form a continuous network inside the electrically insulating matrix. The electrical percolation is theoretically described by the power scaling law as ~( − ) , where is the electrical conductivity of the composite, is the filler loading fraction, is the filler loading at the electrical percolation threshold, and is the "universal" critical exponent. Following the same theoretical concept, the experimental data in Figure 2 has been fitted by a power scaling law as The temperature of electronic devices during operation, no matter how the generated heat is dissipated, increases due to Joule heating, which is unavoidable. The temperature rise depends on the total thermal resistance of the system from the heat source to the environment. In most cases, the TIM layer is one of the bottlenecks for efficient thermal management of the system. In this process, the temperature across the TIM layer increases which in turn, affects its "bulk" thermal conductivity and thermal contact resistance. In order to evaluate the overall thermal performance of the TIM layer in an extended temperature range, the "apparent" thermal conductivity is a more informative parameter. It includes the temperature effects on both the "bulk" thermal conductivity and thermal contact resistance. It is important to evaluate the temperature dependent characteristics of non-curing graphene TIMs in order to verify their overall robustness and stability at elevated temperatures. Practically useful TIMs should perform at high temperatures and retain their thermal properties, as well as sustain an uneven heating throughout the component.
In Figure 5 we present the "apparent" thermal conductivity of the non-curing graphene TIMs as a function of temperature in the range of 40 ℃ − 115 ℃, with no applied pressure. The data are shown for TIMs with various graphene loading fractions. The non-curing graphene TIMs with = 1.9 vol% exhibit a slight variation in the "apparent" thermal conductivity as the temperature increases. The "apparent" thermal conductivity change is more pronounced in TIMs with the higher loading compared to that of TIMs with the low graphene loading, although the change is not significant. Generally, the shear modulus of TIMs decreases with increasing the joint temperature, which, in turn, reduces the thermal contact resistance. However, the "bulk" thermal conductivity of TIMs is also decreasing with temperature 45 , which causes the overall "apparent" thermal conductivity to drop. At the same time, the decrease in the "apparent" thermal conductivity is not significant, attesting to the practicality of non-curing graphene thermal paste. Another important issue that arises at increased temperature for non-cured TIMs is "bleeding out" 58 . This term indicates the process of thermal grease pumping out from the binding surfaces due to the decrease of the viscosity at elevated temperature 59 . The latter results in reduction of the actual contact of the TIM layer with adjoining solid surfaces, which increases the thermal contact resistance. In order to evaluate the "bleeding out" problem associated with the non-cured graphene TIMs, the BLT variation has been measured as a function of temperature (see Figure 6 ). The variation in BLT as a function of temperature in pure mineral oil and TIM with = 1.9 vol% is ~2 μm/℃ whereas for the TIM with = 8.5 vol% it drops to ~0.5 μm/℃. As one can see, the variation is more pronounced at low graphene loadings as compared to that with the high loading.
This observation indicates that non-curing graphene TIMs with graphene loading of more than ~8.5 vol% are less prone to the "bleeding out" problem.
Figure 6:
Bond line thickness as a function of temperature at atmospheric pressure. The variation in BLT for mineral oil and non-curing graphene TIM with = 1.9 vol% is ~2.3 µm/℃. The variation in the TIM thickness with temperature drops to ~0.5 µm/℃ at the higher graphene filler loading. The latter indicates the non-curing graphene TIMs with higher graphene loading are less prone to the "bleeding-out" problem.
IV. Benchmarking Against Commercial Non-Curing TIMs
In order to benchmark the performance of the non-curing graphene thermal paste against the cutting edge TIM technology, we measured the "bulk" thermal conductivity of five top commercial There is a substantial discrepancy between the claimed and measured data for the commercial TIMs. The non-curing graphene thermal paste outperforms all commercial non-curing TIMs. A commercial non-curing TIM with the highest thermal conductivity (PK Pro-3) uses ~90 wt% of Al and ZnO filler loading, which is more than two times of the graphene filler concentration used in this study. Table I summarizes recent research data for non-curing TIMs and nano-fluids with different fillers and host matrices. The difficulty in uniform dispersion of fillers through the matrix could be one of the reasons for the scarcity of literature in the field of non-curing thermal interface materials.
The data presented in Figure 7 and Table I attest for the great potential of non-curing graphene thermal paste for thermal management of advanced electronics. 
V. Conclusions
We reported on the synthesis and thermal conductivity measurements of non-curing thermal paste, 
Supporting Information
Supporting Information is available from the journal web-site for free of charge.
Acknowledgements
This work was supported, in part, by the UC -National Laboratory Collaborative Research and Training Program. 
